Steady, laminar, natural-convection flow in the presence of a magnetic field in an inclined rectangular enclosure heated from one side and cooled from the adjacent side was considered. The governing equations were solved numerically for the stream function, vorticity and temperature using the finite-volume method for various Grashof and Hartman numbers and inclination angles and magnetic field directions. The results show that the orientation and the strength and direction of the magnetic field have significant effects on the flow and temperature fields. Counterclockwise inclination induces the formation of multiple eddies inside the enclosure significantly affecting the temperature field. Circulation inside the enclosure and therefore the convection become stronger as the Grashof number increases while the magnetic field suppresses the convective flow and the heat transfer rate.
NOMENCLATURE

INTRODUCTION
Natural convection in closed enclosures has been extensively studied numerically and experimentally.
The study of thermal convection in inclined enclosures is motivatedby a desire to find out what effect slope would have on certain thermally driven flows which are found in many engineering applications.
These applications include: building systems containing multi-layered walls, double windows, and air gaps in unventilated spaces; energy systems such as solar collectors, storage devices, furnaces, heat exchangers, and nuclear reactors; material processing equipment such as melting and crystal growth reactors. Thermally driven flows are also found in large scale geophysical, astrophysical, and environmental phenomena.
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Most of the research work that has been carried out in this area was focused on enclosures that were differentially heated in one direction (vertically or horizontally) with adiabatic side walls in the other direction. Rather little work has been carried out considering more complex thermal boundary conditions that are normally found in most of the aforementioned practical applications. In these applications, the imposed temperature gradient is neither horizontal nor vertical. Ostrach (1972) , in his review on natural convection in enclosures, noted that configurations with more complex boundary conditions can be viewed as an exception among the works on this topic.
When the fluid is electrically conducting and exposed to a magnetic field the Lorentz force is also active and interacts with the buoyancy force in governing the flow and temperature fields. Employment of an external magnetic field has increasing applications in material manufacturing industry as a control mechanism since the Lorentz force suppresses the convection currents by reducing the velocities. Study and thorough understanding of the momentum and heat transfer in such a process is important for the better control and quality of the manufactured products. The study of Oreper and Szekely (1983) shows that the magnetic field suppresses the natural-convection currents and the magnetic field strength is one of the most important factors for crystal formation. Ozoe and Maruo (1987) numerically investigated the natural convection of a low Prandtl number fluid in the presence of a magnetic field and obtained correlations for the Nusselt number in terms of Rayleigh, Prandtl and Hartmann numbers. Garandet and al. (1992) proposed an analytical solution to the governing equations of magnetohydrodynamics to be used to model the effect of a transverse magnetic field on natural convection in a two-dimensional cavity. Rudraiah and al. (1995) numerically investigated the effect of a transverse magnetic field on natural-convection flow inside a rectangular enclosure with isothermal vertical walls and adiabatic horizontal walls and found out that a circulating flow is formed with a relatively weak magnetic field and that the convection is suppressed and the rate of convective heat transfer is decreased when the magnetic field strength increases. Alchaar and al.(1995) numerically investigated the natural convection in a shallow cavity heated from below in the presence of an inclined magnetic field and showed that the convection modes inside the cavity strongly depend on both the strength and orientation of the magnetic field and that horizontally applied magnetic field is the most effective in suppressing the convection currents. Al-Najem and al. (1998) Ghosh and al. (2010) proposed transient hydromagnetic flow in a rotating channel permeated by an inclined magnetic field with magnetic induction and Maxwell displacement current effects.The previous studies of the laminar natural-convection flows in the presence of a magnetic field inenclosures have dealt with thermal boundary conditions involving mostly isothermal vertical walls andadiabatic horizontal walls and a transverse magnetic field. The present study considers laminar naturalconvectionflows in the presence of a magnetic field ininclined rectangular enclosure heated from the left vertical wall and cooled from the top wall while the other walls are kept adiabatic. The boundary conditions considered have a practical importance in cooled ceiling applications. The object of the study is to obtain numerical solutions for the velocity and temperature fields inside the enclosure and to determine the effects of the magnetic field strength and direction, the aspect ratio and the inclination of the enclosure on the transport phenomena.
GEOMETRY AND MATHE-MATICAL MODEL
The geometry considered is a rectangular enclosure
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having a length L and a width H, thus with anaspect ratio A=L/H=4, filled completely with a molten metal, the Prandtl number of which is Pr=0.024. Heated from one side and cooled from the adjacent side was considered, (T H >T C ). The other walls are supposed to be adiabatic. The inclination of the cavity was also considered, with a varying angle γ. The flow is subjected to the action of an external uniform and constant magnetic field.
MHD flow, likely to develop in this enclosure, is governed by the equations of continuity, momentum, energy conservation, the Ohm's law and the conservation the electrical potential. The geometrical configuration is described in the Fig. 1 .
Fig. 1. The model problem.
The governing equations are obtained using the following assumptions: 1. Joule heating is negligible. 2. Viscous dissipation is negligible. 3. The induced magnetic field is negligible because R em <<1(on the scale of the laboratory), Moreau (1991) . 4. The liquid metal is not magnetized (μ m =1). 5. The liquid metal is incompressible and Newtonian. 6. The Boussinesq approximation holds.
The dimensionless governing equations for the conservation of mass, momentum, and energy, together with appropriate boundary conditions in the Cartesian coordinates system (x, y), are written as follows:
.
Where,V is the dimensional velocity vector, pis the dimensional pressure, T is the dimensional temperature, g is the gravitational acceleration, and ρis the density, υ is the viscosity and α is the thermal diffusivity of the fluid, respectively. The interaction between the magnetic field and convective flow involves an induced electric current : = −∇ + * (4) The divergence of Ohm's law∇ . = 0produces the equation of the electric potential: 
Where: 
NUMERICAL METHOD
The finite-volume method (1980) , is used for the numerical resolution the system of transport eq. (13):
The discretized form is:
The eq. (14) is solved using the SIMPLER algorithm (1980) the temporal derivative is discretized using the implicit scheme. Concerning the spatial discretization, all the convective and the diffusive terms are discretized using the central differencing scheme.
Numerical scheme
The dimensionless governing equations were solved for stream function, vorticity and temperature using the centered differences In this configuration, function A(P) defined in the interfaces follows the following profile:
  1 0.5
This diagram is stable for 2 i P  , which ensures of the plus coefficients in the equation of discretization.
RESULTS AND DISCUSSION a Code Validation in the Absence of a Magnetic Field
In the absence of a magnetic field, the momentum equation,eq. (2)- (4) The flow structure is shown by the velocity vectors ( Fig. 2(a) ) and the velocity profiles (Figs. 2(a) and (b)). Fig. 2(a) shows that at the bottom of the cavity the flow is mainly longitudinal and is directed towards the hot wall (situated at X =0.0) and at the top of the cavity the flow is directed towards the cold wall situated at X =4. These boundary layers extend from the walls to the centre of the cavity, a behavior which is not common in ordinary fluids. A preliminary validation of the numerical method can be done, at this stage, via theoretical estimation of the magnitude of the maximum velocity, which is approximately 30 (Figs. 2(b) and (c)). One can, in effect, write, for large values of the Rayleigh number, that equilibrium exists between buoyancy forces and inertia forces, and has a value of 50. This explains the noticed distortion of the isotherms shown in Fig. 2(d) .
The thermal structure of the flow is illustrated by the isotherms of Fig. 2(d) clearly shows the formation of thermal boundary layers along the vertical walls. Here also the temperature profiles in the core region extending from X= 0.25 to X =0.75 are linear. As can be noticed from Fig. 2(d) plotted using a temperature increment Δθ=0.05 between two consecutive isotherms, the isotherms are denser on the lower part of the hot vertical wall and on the top part of the cold vertical wall. This indicates the presence of intense heat transfer across these parts of the walls.
After that, we confronted our results with the results obtained by the references (1999) where the magnetic field is applied. 
b Test and Choice the Grid
We go tested the effect of various kinds of grid to see the behavior of the Nusselt number average and the current function in the enclosure and this by fixing the following parameters: Pr = 0.024, Gr. = 5000, α = 0 and Ha = 30. With a dimensional step: Δt=0,0001. The grid used for Ha =0 was chosen after performing grid independency tests. The computed average Nusselt numbers for grids finer than 112x42 only differ hence the choice of this grid fig.6 . Convergence of the numerical solution was obtained when the mass, momentum and energy residuals are below 10 On the other hand, the hotand cold walls form the lower and upper left walls of the enclosure while the lower and upper right wallsare adiabatic when the enclosure is tilted 45°in the counterclockwise direction (γ=45°). The buoyancyforce which ascend the fluid particles heated near the hot acts parallel to the hot wall when the enclosureis not inclined but forces them toward to and away from the hot wall when the enclosure is inclined in theclockwise and counterclockwise directions, respectively. Therefore, while the streamlines form a singleeddy with clockwise rotation for γ=0°and−45°, a pair of counter-rotating eddies are formed for γ=45°.
Circulation is weak due to relatively low Grashof numberand the isotherms are spread almost radially between the hot and cold walls resembling heat transfer bypure conduction only. Figures showthat the streamlines form a clockwise rotating eddy for cases of γ=0°and −45°. The strong magnetic field suppresses the circulation and vorticity. The center of the eddy is near the cold wall for magnetic field applied normal to the hot wall and near the hot wall for magnetic field applied normal to the cold wall due to the decelerating effect of the Lorentz force. The center of the eddy also shifts away from the magnetic flow direction when it is applied X-direction. The strong magnetic field suppresses both the circulation and vorticity. Circulation is increased by increasing Grashof number as it can be seen from the higher values of the streamlines. The isotherms are somewhat equally spaced or slightly deformed for Gr = 10 4 and they are bulged near the cold wall and squeezed near the lower hot wall as the Grashof number increases up to 10 5 and 10 7 . This result is stronger when the magnetic field is applied normally to the cold wall (α=90°)and when the enclosure is tilted 45°inthe clockwise direction (γ=−45°)or nor tilted (γ=0°). The flow field displays a very complex patternfor the case of γ=45°. There exist a pair of counter-rotating when the magnetic field is applied X-directionto the hot wall. The dividing extends diagonally from a point on the hot wall near the upper corner to apoint on the upper right adiabatic wall near the lower corner. The lower eddy encloses two loops with a stagnation point between them for Gr = 10 4 . When the magnetic field is applied Ydirection, the lowereddy is observed to extend to the cold wall and push the upper eddy toward the upper adiabatic wall.
The loops within the lower eddy are more visible in this case. As the magnetic field is further Kherief et al. / JAFM, Vol. 9, No. 1, pp. 205-213, 2016 . rotatedcounterclockwise and applied normal to the cold wall, the lower eddy grows along the hot wall withthe loops disappearing and the dividing streamline is almost parallel to the hot wall. Circulation of eddies increases as the Grashof numberincreases and the loops within the lower eddy disappears whenthe magnetic field is applied X-direction to the hot wall. When the magnetic field is applied Y-direction, theupper eddy grows substantially and reaches the hot wall dividing the lower eddy into multiple eddies.
However, when the magnetic field is applied Xdirection to the cold wall, a pair of counter-rotating eddiesare formed with the dividing streamline almost parallel to the hot wall. The isotherms are almost equallyspaced between the hot and cold walls for Gr = 10 4 but the increased circulation and the formation ofmultiple eddies cause a kinky behavior in the isotherms for Gr = 10 5 and Gr = 10 7 .
We noticethat for a small number of Gr, the flow generates very weak velocity gradients, when the Gr number increases; the flow induced by the increasing buoyancy forces becomes animated. Significant velocity gradients are then localized near the walls, resulting in the production multiple eddiesvortices. This is well illustrated in Figs. 11-a It is clear from the results that as Ha are increased; the velocity components tend to diminish. In fact, for Ha=100, their values are practically equal to zero in the major part of the cavity except near the end walls. It is clear that the use of a magnetic field can strongly decrease the flow intensity, but cannot completely inhibit fluid motion.
The enclosure slope has a strong effect on the flow and the heat transfer behavior. A single cell is obtained; it appears to be completely stable, symmetrical and fills all the enclosure, the effect of inclination on the velocity diminishes in the presence of the magnetic field.
Average Nusselt numbers are listed in Table 2 . Average Nusselt number increases naturally with Grashof number and it is substantially reduced by the magnetic field. The magnetic field appliedYdirection to the hot wall is more effective reducing the convection and therefore the heat transfer for enclosure and the magnetic field applied Ydirection to the cold wall is more effective reducingthe convection for shallow enclosures. The average Nusselt number is slightly reduced by the counterclockwiseinclination in the enclosure.The effect of inclination on the average Nusseltnumber diminishes in the presence of the magnetic field.
CONCLUSIONS
The present study considers laminar naturalconvection flow in the presence of a magnetic field in aninclined rectangular enclosure heated from the left vertical wall and cooled from the top wall while theother walls are kept adiabatic. The flow characteristics and the convection heat transfer insidethe tilted enclosure, depend strongly upon the strength and direction of the magnetic field and the inclination of the enclosure.Circulation and convection become stronger with increasing Grashofnumbers but they are significantly suppressed by the presence of a strong magnetic field. As a result,formation of multiple eddies of counterclockwise inclination greatly influences the temperature field.
Thelocal Nusselt number increases considerably with Grashof number since the circulation becomes stronger.
The magnetic field significantly reduces the local Nusselt number by suppressing the convection currents.
